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I-BNL1B-1576A 

A PROCESS KOR MAKING SURFACTANT CAPPED METAL OXIDE 

NANOCRYSTALS, 
AND PRODUCTS PRODUCED BY THE PROCESS 

CROSS REF ERENCE TO RELATED APPLICATIONS 
This application claims priority under 35 U.S.C. 119, based on Provisional paicnt 
application Ser, No. 60/ 162,299, filed 10/28/99, and co-pending application Scr. No. 
09/702.219, entitled. A Piwess Por Making Surfactant Capped Nanocrystals, filed Oct. 
30, 2000, now U.S. Patenl No. 6,440,213, both of which are incorporated by reference 
herein in their entirety. 

STATEMENT REGARDING FEDERAL SPONSORSHIP 
The invention described herein arose in the course of, or under, contract No, DE- 
AC03-SF0009S between the United Stales Department of Energy and the Regents, 
University of California for the operation of the Ernest Orlando Lawrenfce Berkeley 
National Laboratory. 

BACKGROUND OP THE INVENTION 
This invention relates to a process for making dispersable surfactant capped 
ruinocrystals. More particularly, it relates to a process for making dispersable surfactant 
capped nanocrystals of metal oxides with non-hydroxylated particle surfaces using a non- 
hydrolytie single precursor approach, and to the nanocrystals made thereby, Still more 
particularly, it rciuie^ lo a process for making dispersable surfactant capped nanocrystals 
of transition metal oxides. 
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The advent of new methods to prepare semiconductor and metal nanocrystals, 
specifically Ihe injection of molecular precursors into hot organic surfactants, has yielded 
markedly improved samples with good size control, narrow size distributions, and good 
ciysiaJliriiry of individual and dispersabje nanocrystals (see references 1-3). It is of 
considerable interest to apply these methods to the synthesis of metal oxide nanocrystals, 
particularly transition metal oxide nanoparticles, which typically are prepared by methods 
involving water as solvent or reacUint (4-9). Using nonhydrolytic preparations of metal 
oxide nanocrystals at high temperature in organic surfactants in the absence of air or 
water, one observes markedly different properties with respect to defect structure and 
surface composition. So far as applicants are aware, there has been only one example of 
the solution-based nonhydrolytic synthesis of individual Ti02 nanocrystals (10). Metal 
oxide nanocrystals with nonhydroxylated surfaces are believed to have significant 
advantages for applications in catalysis, ceramics, energy storage, magnetic data storage, 
scnsois, ferrofluids, etc. 

The following references contain useful background information peitaining to this 
invention, and are incorporated by reference herein in their entirety, 

1. Murray, C. B.; Norris, D. J.; Bawendi, M. G> J. Am, Chem. Soc. 1993, 1 15, 8706- 
87J5. 

2. I\m<j. X.; Wickham, J.; Alivisatos, A, P. L Am, Chem, Soc. 1998, 120, 5343-5344, 

3. Sun, S.; Murray, C J. Appl, Phys. 1999, 85, 4325-4330. 

4. Ch;irles, S, W,; Popplewell, J. Ferromagnetic Materials; Northholland Publishing Co.; 
Amsterdam, New York, Oxford, 

1982; Vol. 2, 

5. Bl inker, C. J.; Scherer, G, W. Sol-Gel Science; Academic Press: San Diego, 1990. 
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6. Ziolo, R. F,; Gjannclis, E. P.; Weinstein, B. A.; O'Horo, M. P.; Ganguly, B. N.; 
Mchroira, V.; Russell, M. W.; Huffman, D. 

R. Science 1992, 257, 219-223. 

7. MfiLijevic, E. Cham. Mater. 1993, 5, 412. 

8. Monmen, N.; Pilcni, M. P. Chem. Mater, 1996, 8, 1128. 

9. Ying, J. Y. Special Issue: Sol-Gel Derived Materials. In Chem. Mater. 1997, 9, 2247- 
2670. 

10. Treirtlcr, T. J.; Denier, T. E.; Benone, J. P.; Agrawal, A.; Colvin, V. L. J. Arn. Chem. 
Soc. 1999, 121, 1613-1614. 

11. Comprehensive coordination chemistry: the synthesis, reactions, properties & 
implications of coordination 

compounds, 1st ett.; Pergamon Press: Oxford, England, 1987; Vol. 2, Chapter 15.9.2, 

12. Helm, D. v. d.; Mcrriu, L. L.; Dcgeilh, R.; MacGillavry, C, H. Acta Crystallogr. 
1965, 18, 355-362. 

13. Elcnnon, Y.; Atakol, O.; Svoboda, I.; Geselle, M. Acta Crystallogr. C 1995, 51, 1520- 
1522. 

14. Tamaki, K.; Okabc, R Acta Crystallogr, C 1996, 52, 1612-1614. 

15. Kcllncr, R.; IVokopowski, P. Anal. Chim. Acta 1976, 86, 175-184. 

16. Nofoe, G.; Kraus, W. Powder Diffr. 1998, 13, 256-259. 

17. Shrnakov, A. N.; Kryukova, G. N.; Tsybnlya, S. V.; Chuvilin, A. L.; Solovyeva, L. P. 
J. Appl. Crystallogr. 1995, 28, 

Ml. 

18. Jarosch, D. Mineral. Petrol. 1987, 37, 15-23. 
39. Neuburgor, M. C. Z. Phys. 1930, 67, 845-850. 

20. Cullity, B. D. Elements of X-ray Diffraction, 2nd ed.; Addison-Wcslcy: Reading, 
MA, 1978. 

21. Bwiteon, M. D.; Woiiierghem, J. v.; Morup, S.; Tholen, A.; Koch, C. J. W. Philos. 
Mag.B 1989,60, 169-17S. 

22. Murray, C. B.; Kagan, C. R.: Bawendi, M. G. Science 1995, 270, 1335-1338. 
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23. Chemscddine, A.; Weller, H. Bcr. Bunsen-Ges, Phys. Chcm. 1993, 97, 636-637. 

24. Fleet, M. E Acta Crystallogr. B 1981, 37, 917-920. 

25. Cornell, R« M.; Schwertmann, U. The Iron Oxides-Structure, Properties, Reactions, 
Occurrence and Uses, 1st cd,; 

VCH Vcrlagsgesellschaft: Weinheim, Germany, 1996. 

26. Reagent Chemicals: American Chemical Society Specifications; 8 lh ed.; American 
Chemical Society; Washington, DC, 1993. 

SUMMARY OP THE INVENTION 

II is an object of this invention lo provide a non-hydrolytic process for the 
preparation of metal oxklenanocrystals. 

It is a further object of this invention to provide a non-hydrolytic process for the 
preparation of transition metal oxide nanocrystals having non-hydroxylated surfactant 
capped surfaces. 

It is a further object of this invention to provide surfactant capped metal oxide 
nonocrysmls with non-hydroxylated surfaces which are dispensable in organic solvents, 
and a process of preparing them. 

It is a still further object of this invention to provide new and novel metal oxide 
nanocrystals. 

These, and other objects are achieved by (a) mixing a solution of a melal 
cupferron precursor complex of the formula M Cupx • wherein M is a metal ion in the 
oxidation state X selected from the group consisting of elements in Group 2, Group 3 - 
12 of the 4 IU period, Group 3 - 6 of the 5* and 6 lh period, Group 10 - 12 of the 5 th period, 
Group 12 of the 6 m period, Group 13 lh to 15 th , and the Lanthanide and Actinide series of 
the periodic i;tble, and Cup is a N-substituted N-Nitroso hydroxyl amine, with a 
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coordinating surfactant , and (b) heating the mixture at a temperature and for a sufficient 
period of lime to cause thermal decomposition of the M x Cupx precursor and formation 
of the desired nanocrystals. 

As used herein, the term "coordinating surfactant" means an organic molecule 
consisting of a polar headgroup and an apolar group providing stabilization against 
coagulation and precipitation of particles by binding to particle surfaces through the polar 
headgioup and allowing dispersion of particles in aliphatic, aromatic and halogenated 
hydrocarbons. 

BRIEF DES C RIPTION OF THE DRAWINGS 
FIG la, shows ihe result of the thermal analysis of iron, manganese and copper 
oupfen-onatc in a TGA/DTA apparatus under N 2 -now (4eft). FIG lb shows the xrd 
patterns of the respective decomposition products are displayed. 
FIGs 2a-2c present iow-rcsolulion TEM images of Y-Fe 2 0 35 Mn 3 04, and Cu 2 0 
itanocrystnls, respectfully. 

FIGs 3a-3c show XRD patterns of y-Fe 2 0 3 , M^G^and Cu ? Onanocrystals, respectfully. 
FIGs 4a-<1e present low-resolution TEM images of y-FejOa, nanocrystals prepared under 
varying synthesis conditions. 

FjGs 4d-4f shows derived particle size distributions of y-Fe20 3 , nanocrystals prepared 
under varying synthesis conditions for the TEM images in FIGs 4a-4c. 
HQs 5a-5c shows particle size distributions derived from low-resolution TEM imaging 
as a function of refilling time after the precursor injection. 
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FlGs Ga-6e describe rhc increasing average particle size as the reaction precipitate is 
subsequently extracted with Toluene. 

FIG 7a shows a low-resolution TEM image of a monolayer of individual y-YtyOs 

nanoerystals (10.0 ± 1.5 nm) covering an area bigger than 2 \im 2 . 

FfG 7b shows a high-resolution TEM image of one of the nanoerystals in this sample. 

The indicated lattice piano distances correspond to the (113) and (201) lattice planes of 

ictragonal Y-Fe^On with ordered superlattice of the cation vacancies. 

FIG 7cshows a FFT of the high-resolution TEM of FIG 7b image looking down the [5K 

2] zone-axis. 

FlGs Sa-Sc shows XRD patterns of the iron, manganese and copper cupfcrronates, 
respectively. 

FlGs 9a-9c showFT-M spectra of the iron, manganese and copper cupfcrronates, 
respectively. 

I^TAILKD DESCRIPTIO N OF THE INVENTION 

We have now discovered a new nonhydrolytic single-precursor approach to the 
synthesis of disposable nanoerystals of metal oxides, particularly transition metal oxides. 

The process comprises; (a) mixing a solution of a metal cupferron precursor 
complex of the formula M x Cupx , wherein M x is a metal ion in the oxidation state X 
selected from the group consisting of elements in Group 2, Group 3 - 12 of the 4 th 
period, Group 3-6 of the 5 th and G th period, Group 10 - 12 of the 5 th period, Group 12 of 
the 6 tl1 period, Group 13 th to 15 th , and the Lanlhanide and Actinide series of the periodic 
table, and Cup is a N-substituted N-Nitroso hydroxy] amine, with a coordinating 
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surfactant , and (b) heating the mixture at a temperature and for a sufficient period of 
lime to cause thermal decomposition of the M x Cup x precursor and formation of the 
desired nanocrystals. 

While the process described below is focused primarily on the preparation of 
transition metal oxide nanocrystals, it is equally applicable to the formation of any metal 
oxide minocryslal where the metal ( M x ) is a metal ion in the oxidation state X selected 
from the group consisting of elements in Group 2, Group 3 - 12 of the 4 th period, Group 
3 - 6 of the 5 Ul and 6 111 peiiod, Group 10 - 12 of the 5 th period, Group 12 of the 6* period, 
Group 13 lh and J 5 l \ and the I-anlhanidc and Acdnide series of the periodic table. 

The value for X will vary, depending on which metal is used in the formation of 
the precursor, and the oxidation state of the metal. In general, however X will range from 
I to 4. 

Metal Cupferron complexes M x Cupx (M: metal ion; Cup: N-nitroso N- 
phenyl hydroxylamino, C6H5N(NO)0-), with the metal ion coordinated via the oxygen 
atoms of the Cup ligand in a bi dentate manner, proved to be promising as molecular 
precursors. Metal cupferronates are used in the precipitation or extraction of metal ions 
from aqueous solution, and are easily prepared for many metal elements (11). In the 
following, we demonstrate that injecting solutions of metal Cupferron complexes in 
oetylatntnc into long-chain amines at 250-300 °C yields nanocrystals of iron oxide, 
rnangpnese oxide,and copper oxide. These nanocrystals range from 4 to 10 nm in 
diameter, are crystalline, and are dispersable in organic solvents, As Cupferron 
complexes are available for almost all metal elements, the use of this precursor offers an 
interesting general approach to metal oxide nanocrystals. 
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The preparation of the metal Cnpfcrron precursor is based on the precipitation of 
metal ions from aqueous solution at a specific pH with Cupfcrron, the ammonium salt of 
N-niiroso N~phonylhydroxylaminc (details of the synthesis and characterization of the 
metal cupfenonatcs M x Cup x (M: Fe, Cu, Mn) are provided infra). In all three cases (he 
elemental analysis and the powder X-ray diffraction (XRD) patterns agreed well with 
single- eiysral data (12-14). In addition, FT-IR spectroscopy excluded the presence of 
excess Cupfcrron, water, or solvent molecules, and agreed well with results given in the 
literature (15). 

Dried powders of metal cupferronatcs show shaqp decomposition temperatures 
FIG la of 180 °C ? 230 °C, and 205 °C for FeCup 3 , MnCup 2 , and CuCup 2 , respectively, 
when heated in a DTA/TGA apparatus under nitrogen (AT s= 10 n C / min«, 25 °C - 500 
°C). In FIG lb, the XRDs of the respective decomposition products reveal that they 
consist of Y-IteaOtu MnO, and Cu. The lauer is a consequence of the reduction of 
CuO/Cu^O by the reducing atmosphere given by the organic decomposition products of 
the Cupferron complex. This result proves that metal Cupferron complexes can indeed 
act as molecular precursors for transition metal oxides in the absence of Chand H2O. 

In the following, a typical synthesis yielding iron oxide nanocrystals with 6-7 nm 
particle diameters is described. To remove oxygen and water, 7 g of trioctylaminc was 
heated to J 00 °C for 1-1.5 h and repeal edly evacuated to 20 mToix and purged with Ar. A 
solution of 0.3 M FcCupj in octylamine was treated the same way at 60 °C. The reaction 
was initialed by the rapid injection of 4 mL of FeCup3 stock solution into the 
Lrioclyiuminc at 300 "C under vigorous magnetic stirring and an Ar atmosphere. A color 
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change of the liquid from colorless to dark-brown and the evolution of gas indicated the 
decomposition of the metal Cupferron complex. After the solution was healed for 30 min 
at 225 °C» the reaction was stopped and the solution was allowed to cool. At room 
temperature the fiask contained nanocrystals of iron oxide, in both a dark -brown, clear 
liquid supernatant arili a precipitate. The latter results from the high concentration of 
nanocrystals and their limited solubility in iriociylaminc at low temperature. Adding 1-2 
mL of organic solvents such as loluene, hcxanc, CHCI3, etc. to this precipitate yielded 
clenr, deep-brown dispersions of iron oxide nanocrystals which were stable for weeks at 
room temperature. Low-resolution TEM imaging (see FIG 2a) revealed particles with an 
average size of 6/7 nm and a standard deviation of 1.4 nm. 

By addition of a 3-fold volume excess of methanol, the iron oxide nanocrystals could be 
rcprccipjiatcd ar* a brown powder. Adding methanol to the supernatant of the reaction led 
to a brown precipitate, which could also be rcdispcrsed and reprecipitated by suitable 
solvents. For both fractions, dispersion and reprecipjtation could be repeated several 
times • 

By washing the precipitate excessively with methanol, the surfactant could be removed 
yielding typically about 50 - 60 mg of a brown insoluble powder after drying. This 
powder still contained about 10 % of volatile compounds as indicated by thermal 
gravimelric analysis between 300 K and 1100 K in an O* atmosphere. The overall yield 
of iron oxide is thereby estimated to 45 mg to 55 mg, which corresponds to about 50 % of 
the iron injected as cupferron complex. 

Similar procedures wore used in the synthesis of manganese oxide and copper 
oxide nanocrystals. In the case of manganese oxide, 4 ml of a 0.3 M solution of MnCup 2 



S>of28 



DEC-21-04 TUE 01: 58 PH TECH TRANSFER DEPT 



FAX NO. 5104866457 



P. 26 



LBNLIB-1576A 

in octyl amine were injected into 7 g triociylamine at 360 °C and reflux ed for 10 min, at 
275 U C. An orange precipitate was obtained after the reaction, which changed color to 
brown upon dispersion in lolucne* Low resolution TEM images (see FIG 2b) of Ibis 
dispersion indicated the presence of 12.0 ± 4.7 nm M113O4 particles. 

In the case of CuCnp 2) hcxadecylaminc was used as a surfactant to disperse the 
precipitated nanocrystalline copper oxide in organic solvents like toluene, hexanc, CHCI3 
etc. In addition, the reaction had to be stopped immediately after injection since the 
formation of metallic Cu instead of the copper oxide is favored at high temperatures 
under the strongly reducing conditions of the reaction. In detail, 2 ml of a 0.3 M solution 
of CuCups in oeiylarnine were injected into 5.5 g hcxadecylamine at 250 °C. The 
reaction was slopped by removing the heat as soon as the temperature reached again 230 
°C, The average particle size as determined from low-resolution TEM imaging is 6.9 t 
2.5 nm (see FTG 2c). 

Powder XRD reveals the nanocrystalline nature of the samples (FIGs 3a-3c), The 
diffraction patterns were fitted with the program PowderCcll (16) using structure data for 
7-FC2O3, Mn 3 0 4t and Cu;>0 as models (17-19)- Using the Debye-Schcrrcr equation (20) a 
crystal lite size was determined for every reflection, and all were averaged to give the 
mean values reported in FIGs 3a-3c. These averaged crystallite siEes are in good 
agreement with mean diameters determined from low-resolution TEM imaging (compare 
with results in FIGs 2a-2c). 

Particles with average sizes down to 4 nm were synthesized by lowering the 
injection temperature and/or lowering the injected precursor concentration. For instance, 
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injecting the FeCup: precursor solution at 250 rt C and refluxing at 200 0 C for 30 min» 
instead of 300 U C and 225 °C as in the sample of FIG 2a (see also FIG 4a, 4d ), yields y- 
Ri 2 0 3 nanocrystals 5.2 ± i.5 nm in size (see HG 4b, 4c). However, the injection of an 
additional 2 mL of precursor solution after 5 min of refluxing at 200 °C results in 
partictas with diameters of 6.1 ± 1>8 rnn (see HG 4c, 4f). The influence of the reflux 
time is shown in PLGs 5a-5c for an injection of 4 ml 0.3 M FeCup3/OctyJ amine solution 
into 7 g trioctylaminc at 250 °C and subsequent rcfluxing at 200 °C. ApparanUy, the 
particle growth is essentially finished after 10 min. and only a small increase in the width 
of the size distiibution is observed with longer refluxing time. This behavior is similar to 
the growth kinetics of semiconductor nanocrystals.(2) However further studies are 
necessary to achieve a similar understanding of the growth kinetics of oxide nanocrystals, 
In fill cases it was observed that subsequent extractions of the reaction precipitate with 
small amounts of toluene yielded fractions containing continuously bigger particles. In 
the case of the preparation wUh an additional secondary injection, each subsequent 
extraction of the reaction precipitate resulted in approximately a 1 nm increase in the 
average panicle diameter (sec FiGs 6a-6e). Consequently, the fifth fraction contained y- 
FC203 nanocrysrrils which were 10,0 ± 1.5 nm in diameter. A low-resoJution TEM image 
of this fraction is shown in FIG 7a. Apparently, the slow evaporation of a dispersion of 
nanocrystals in toluene on a TEM grid leads to the formation of an extended monolayer 
of particles. Hie covered area is larger than 2 /im 2 and extends beyond the part shown in 
FIG 2a, Kach particle is separated from neighboring particles by its shell of surfactant. 
Currently, the relatively broad size distiibution of 15% prevents the formation of ordered 
superlauices as observed wilh other systems (3,21,22) However, we believe that by using 
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sb-c-selrciivc precipitation (23), in addition to size-selective extraction during the 
isolnrion process, we will be able to achieve size distributions with less than 10% 
standard deviation. 

Thz crystal linity of these panicles is revealed by high-resolution TEM imaging as 
shown in FIG 7b> The observed lattice plane distances of 4.77 A and 4.11 A, as well as 
the angle of about 50° between the crossed fringes, indicate the presence of tetragonal y» 
FC2O3 Willi an ordered supcrlatlice of cation vacancies (17), The corresponding Janice 
planes are (113) and (201), respectively, and the FFT (FIG 7c) of the high-resolution 
imago indicates that the particle was imaged along its [51-2] zone axis. Neither cubic y- 
with a statistical distribution of cation vacancies over the octahedral sites norFesO* 
shows a similar agreement (17,24). In other high-resolution TEM images, we observe 
particles with lattice plane distances of 4.97 and 4.27 A that also belong uniquely to the 
tetragonal superstructure phase of Y-Fe 2 0 3 (see following table 1 for comparison) 
Interestingly, it has been reported that this ordered superstructure phase occui^s only in 
particles will) diameters larger than 100 nm(25) . 



Table 1 



expari/niinta! 


■y-FegOg (cubic) 


V-F^Oa (tetraqonal) 


F© a O d 


4.97 ± 0.05 A 




5.01 (104) 




4.77 ± 0.05 A 


4.62 (111) 


4.82 (113) 


4.85 (111) 


4.27 ± 0,05 A 




4.30 (105), (114) 




4-11 ±0.05 A 




4.12 (201) 




2-06 ±0.05 A 


2.95 (220) 


2.93 (221), (108) 


2,97 (220) 


2.39 * 0.05 A 




2.67 (222) 




2.41 (222) 


2.43 (305), (314) 


2.42 (222) 






2.41 (226) 








2.40 (1010), (218) 
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Pr eparation of Metal Cupfri-ron Prectm>ors 
n rnpl e 1. Synthesis of F aCup 3 

The procedure described in literature (26), was used to prepare the FeCup 3 complex. 
L12 g PCCI3-6II2O were dissolved in 280 ml of 1% HC1 in H 2 0. To this solution, 140 ml 
cone. MCJ were added, and this mixture was diluted with 525 ml H2O and cooled in a 
fridge for about L5 niin. Then 3 g ammonium cupferron dissolved in 100 ml U2O were 
added dropwisc from a burette yielding a red-brown precipitate. After 15 min of standing, 
the precipitate was filtered and dissolved in CHCI3. Water was removed in a separation 
funnel and the resulting deep-red solution was concentrated to about 5 - 10 ml in a 
rotavapor and additionally filtered with a glass filtfer. Hexane was then added until the 
solution became slightly turbid and the flask was placed into a fridge at -20 °C. Within 
one day, large deep-red crystals grew which were isolated by decanting and dried in 
vacuum at 40 °C. The yield of this product was typically 60 - 80 % with respect to iron. 
The experimental powder x-ray diffraction pattern (see FIG Sa) agrees very well with 
calculated patterns based on single crystal structure data<(12) The results of the elemental 
analysis (calc. values in brackets) are for FeCup 3 : 12.5% (12.0 %) Fe, 46.1 % (463 %)C, 
J7.5 % ( 18.0%) N, and 3,4 % (3.2 %) H. The FT-IR spectrum in FIG 9aagrecs well with 
results in literature (15) and shows the Fe-0 stretch band at 427 cm" 1 . 
I vx/jmpXeJ^.Syiithc^ls of MnCup ?f 

Adding 6 g ammonium cupferron dissolved in 200 ml H^O to a solution of L80 g 
MnCb^HoO in 700 ml II 2 0 yielded an orange precipitate, which was isolated after 15 
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min. by nitration. This precipitate was dried at 20 mtorr at room temperature for several 
hours and the yield was typically about 50 % with respect to manganese. The 
experimental powder x-ray diffraction pattern (see FIG 8b) agrees very well with 
calculated patterns based on single crystal structure data,(14) The results of the elemental 
analysis (calc. values in brackets) are for MnCup^: 17.2 % (16.2%) Mn, 41.6% (43-8 %) 
C, 16.4 % (17 %) N, 3,27 % (11%) H. The FT4R spectra of this compound is displayed 
in FIG 9h and shows the Mn-0 stretch band at 405 enf 1 which is in agreement with 
literature resnlrs,(15) 

Example 3. Synt hesis of CuCu pa 

CuCupo was prepared by adding dropwise 6 g ammonium cupferron dissolved in 200 
ml H 2 0 to a solution of 1.54 g CuCl 2 '4H 2 0 in 1.4 1 H 2 0. The resulting blue-gray 
precipitate was filtered after 15 min and dissolved in pyridine yielding a deep green 
solution. The solution was concentrated in a rotavapor and filtered with a glass filter. To 
tins solution a mixture of n-bntanol and hcxanc was added until the solution was slightly 
turbid. After one day m a fridge at -20 °C the solution contained large decp-green 
crystals which were isolated fiom the supernatant by decanting and dried at 40 °C under 
vacuum. The yield of the resulting blue-gray powder was typically 50 - 70 % with 
TCSpcct to copper. The experimental powder x-ray diffraction pattern (FIG 8c) agrees 
very well with calculated patterns based on single crystal structure data.(13) The results 
of the elemental analysis (calc, values in brackets) are for CuCup 2 : 19% (18.8 %) Cu F 
43.1 % (42.7 %) t\ 15.8 % (16.6 %) N, and 3.3 % (3.0 %) H. Fig, 9 (right) shows the FT- 
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IR spccmnn of the complex which agrees well with literature results (15) and shows the 
Cu-0 stretch vibrations at 437 cm* 1 . 
Example 4, Syn thesis of CoCupi 

2.14 g CoCly6H;>0 are dissolved in L4 1 II2O and 6 g Cupfeiron dissolved in 200 ml 
R2O are added dropwisc. The resulting solution showed a deep-red color but no 
precipitate. Consequently, additional 2,28 g CoClyGHbO and 6 g Cupfeiron were added 
resulting in a pinkish precipitate while standing overnight, The precipitate was filtrated 
and recrysialli/ed Iron) pyridine. 
Examp le 5. Svjldicsjs ofQICuE?, 

1 ,66 g CdCl 2 are dissolved in 1.4 ] H2O and 6 g Cupferron dissolved in 200 ml H^O 
arc added dropwisc. The resulting precipitate is filtrated. X-ray diffraction shows a 
crystalline product which is used without further purification. 

Pre paration o f Surfactant- Capped y-FegCK Nanocrvstals 

Exampl e 6. P ittpnra rion of about 6 - 7 nin y-Fe oO ^Nanocmtals capped by trioctylamine 
To remove oxygen and water, 7 g of trioctylamine was heated to 100 °C for 1 - 1.5 h 
and repeatedly evacuated to 20 mtorr and purged with Ar, A solution of 0.3 M FeCup 3 in 
octylaminc was treated the same way at 60 °C, The reaction was initiated by the rapid 
injection of 4 ml or FcCup3 stock solution into the trioctylamine at 300 °C under vigorous 
magnetic stirring and an Ar atmosphere, A color change of the liquid from colorless to 
dark-brown unci the evolution of gas indicated the decomposition of the metal cupferron 
complex. After healing for 30 min, at 225 °C f the reaction was stopped and the liquid was 
allowed to cool down. At room temperature the flask contained nanocrystals of iron 
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oxide, both in a dark-brown, clear liquid supernatant and a precipitate. The Jailer results 
from 1 he high concentration of nanocrystals and their limited solubility in trioctylaminc at 
low temperature. Adding I - 2 ml of organic solvents like toluene, hexane, CHC1 3 , etc. Lo 
this precipitate yielded clear, deep-brown dispersions of iron oxide nanocrystals which 
were stable for weeks at room temperature. Low-resolution TEM imaging revealed the 
presence of iron oxide nanocrystals with an average size of 6.7 ± 1.4 nm (FIG 2a). By 
addition of a threefold volume excess of methanol, the iron oxide nanocrystals could be 
reprocipi rated as a brown powder. Adding methanol to the supernatant of the reaction 
lend to a brown precipitate of iron oxide nanocrystals, which could also be redispersed 
mul reprecipitatcd by suitable solvents. For both fractions, dispersion and reprecipitalion 
could be repeated several times. 

Example ,, 7 P reparation of about 6 - 7 nm y-Fe20 ^Nanocrvsia1s capped by 

hex ndec yl amine 

To remove oxygen and water* 7 g of h ex adecyl amine was heated to 100 °C for 1 - 1.5 
h and repeatedly evacuated to 20 mtorr and purged with Ar. A solution of 0.3 M FeCnp3 
in octylarninc was treated the same way at 60 °C. The reaction was initiated by the rapid 
injection of 2 ml of FeCupa stock solution into the hexadecylamine at 300 °C under 
vigorous magnetic stirring and an Ar atmosphere. A color change of the liquid from 
colorless to dark-brown and the evolution of gas indicated the decomposition of the metal 
cupferron complex. After heating for 60 tnin. at 265 °C, the reaction was stopped and the 
liquid was allowed to cool down. At about 100 °C the reaction mixture was transferred 
into an excess of methanol (3 : 1) yielding a brown precipitate and a clear yellow-brown 
supernatant. Aftor isolating the precipitate by centrifugaiion and discarding the 
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supernatant, the precipitate can be dissolved in organic solvents like toluene, chloroform, 
hexanc etc. Adding methanol to this solution yields again a brown precipitate, 
Reclispcrsion and reprecipitation by suitable solvents could be repeated several times, 
gxamjlejj^ Pj^p|iration of about 5 nm y-Pe?Og nanocrvstals capped by hex adecvl amino 

To remove oxygen and water, 7 g of hcxadecyl amine was heated to 100 6 C for 1-1.5 
li and repeatedly evacuated to 20 rntorr and purged with Ar. A solution of 0.3 M FcCup3 
in oeiylarninc was treated the same way at 60 °C 2 ml of 0.3 M FcCupj/Octylamine were 
added to the hexadecylamine at 100 °C and the solution was heated to 2S0 °C under 
vigorous magnetic stirring and an Ar attnosphere. Upon reaching 140 - 160 °C, gas 
evolution indicated the onset of the precursor decomposition. After about 12 mim of 
heating, the liquid reached a temperature of 280 °C and was rcfluxcd at this temperature 
for another 48 min. After the heating was stopped, the reaction mixture was transferred at 
100 °C into an excess of methanol (2:1), The resulting precipitate was isolated by 
ccntrifugation and could be redispcrscd in toluene, hexane, chloroform etc. By adding 
methanol lo this solution* the nanocrystals could be reprecipitated. Redispersion and 
reprccipi union could be repeated several times. 

F^'IUll^ 9 nm V-^ ;Q ; nanocrvstals canoed by hexadecyla mine 

To remove oxygen and water, 7 g of hexadecylamine was heated to 100 C C for ] - 1.5 
li and repeatedly evacuated to 20 mtoir and purged with Ar. A solution of 0.3 M FcCup 3 
in octylamine was treated the same way at 60 °C. The reaction was initiated by the rapid 
injection of 2 ml of FeCup 3 stock solution into the hexadecylamine at 300 °C under 
vigorous magnetic stirring and an Ar atmosphere. A color change of the liquid from 
colorless 10 dark- brown and the evolution of gas indicated the decomposition of the metal 
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cwpfeiTcm complex. After 6 min, an addiliona) 2 ml of stock solution were added 
clropwise within Ihe time range of 3 rain. Additional slow injections of 2 ml stock 
solution look place 2 more limes at 14 rain, and 50 min* after the initial injection, 
respectively. After the last injection w;is finished, the liquid was heated for another 20 
inin. before heating v/as slopped and the liquid was allowed to cool down. At about 100 
°C the reaction mixture was transferred into an excess of methanol (3:1) yielding a 
brown precipitate and a clear yellow-brown supernatant. After isolating the precipitate by 
centrifugal ion and discarding the supernatant, the precipitate can be redispresed in 
organic solvents like toluene, chloroform, hcxane etc* Adding methanol to this dispersion 
yields again a brown precipitate- Redispersion and rcprecipitation by suitable solvents 
could be repealed several times. 

Example 10 Preparat ion of ab out 1 2 nm MmQ^ Nanocrvstals capped bv hexadccvlamine 
To remove oxygen and water, 7 g of trioctyl amine was heated to 100 °C for 1 - L5 h 
and repeatedly evacuated to 20 mtorr and purged with Ar. A solution of 0.3 M MnCup2 in 
ootylamine was treated the same way at 60 °C, The reaction was initiated by the rapid 
injection of 4 ml of MnCup 2 stock solution into the trioctylaminc at 360 °C under 
vigorous magnetic stirring and an Ar atmosphere. A color change of the liquid from 
colorless to dark-brown and the evolution of gas indicated the decomposition of the metal 
cupferron complex. The liquid was refluxed for JO min. at 275 °C before heating was 
slopped. At room temperature the flask contained nanocrystals of manganese oxide, both 
in an orange-brown, clear liquid supernatant and a brown precipitate. Adding 1 - 2 ml of 
organic solvents like toluene, hcxane, CHCI3, etc. to this precipitate yielded clear, deep- 
brown dispersions of manganese oxide nanocrystals. By addition of a threefold volume 

1 
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excess of methanol, the manganese oxicle nanocryslals could be reprecipitated as a brown 
powder. Adding methanol to the supernatant of the reaction lead 10 a brown precipitate, 
which could also be rcdispersed and reprecipitated by suitable solvents. For both 
fractions, dispersion and reprecipitation could be repeated several times. Low-resolution 
TEM images of this sample arc show in FIG 2b. The average particle size and size- 
distribution us determined from this image is 12.0 ±4.7 nra. 

K xample 1 1 Prepa ration o f about 7 nm C u ?Q Nanocrystals capped bv hexadecylamin e 

To remove oxygen and water, 5.5 g of hex adecyl amine was heated to 100 °C for 1 - 
1.5 h and repeatedly evacuated to 20 mtorr and purged with Ar. A solution of 0.3 M 
OuCup2 in ociylamine was treated the same way at 60 °C. 2 ml of a 0.3 M solution of 
CuCup2 in oetylaminc were injected into 5.5 g hexadecylamine at 250 °C causing the 
temperature to drop Lo about 215 °C. The reaction was stopped by removing the heat as 
soon as the temperature reached again 230 °C. At about 100 °C, the liquid was 
transferred into an excess of methanol (3:1) yielding a brown precipitate which wan 
isolated by cenlrifu&ation. This precipitate could be redi sperscd in organic solvents like 
toluene, hexane, chto/oform and again reprecipitated by addition of methanol* The 
average particle size and size-redistribution as determined from low-resolution TEM 
imaging is 6,9 ±2.5 nm. 

TR&amolo 1 2 Prepa ration of about 20 nm CdO Nanocrvstajs capped with hexadecylam ine 
To remove oxygen and water, 7 g of hexadecylamine was heated to 100 °C for 1 - 1 ,5 
h and repeatedly evacuated to 20 mtorr and purged with Ar. A solution of 03 M CdCupi 
in ociylamine was treated the same way at 60 °C, 3 ml of a 0,3 M solution of CdCup 2 in 
octylamine were injected into 7 g hexadecylamine at 300 °C. The liquid was refluxcd for 
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30 min. at 245 °C before boating was slopped. At 100 °C the liquid was transferred into 
an excess of methanol (3:1). The resulting brown precipitate was isolated by 
centrifugation and dissolved in toluene, chloroform or hcxane. By addition of methanol, a 
brown precipitate could be recovered. 

Exampje 13 Prep aration of 9 nm CoO Nanocrvstals capped with trioctvlamine 

To remove oxygen and water, 7 g of trioctylamine was heated to 100 °C for 1 - 1.5 h 
and repeatedly evacuated to 20 miorr and purged with Ar. A solution of 0.3 M CoCupa in 
oclylamine was treated the same way at 60 °C 4 ml of this solution were injected at 
300 °C into I he tri oclylamine and refluxed for 20 min. at 230 °C, The liquid was allowed 
to coo) to 100 °C nnd transferred into an excess of methanol (3:1), The resulting grey 
precipitate could be redispersed in toluene, chloroform or hexane. By addition of 
methanol, the nanocrystals could be recovered as a powder. 

The preferred metals for use in preparing the M x Cupx precursor for use in the 
process of this invention arc transition metals, more preferably either Fc, Kin, or Cu> 

Additionally, while the Cup compound most commonly used in the formation of 
Ihe precursor is N^nilroso-N-phenyl-hydroxylamine, other N-subsiiluted N-Nitroso 
hydroxylamine compounds can be used. Any compound having the head group (O-N- 
N=0) can be used. Broadly speaking, any N-substituted N-nilroso-hydroxylaminc of the 
formula RN202 where It is a phenyl benzyl, naphtyl, biphenyl, meihyl, propyl, etc. 
would be suitable for use. Specific compounds include, for example, N-nitroso-N- 
phenyl-hydroxylaminc, N»nitroso-N[l]-naphlhyl-hydi"oxylamine, N-nitroso-N-biphenyl~ 
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4-yl-hydroxyL'nrune, N-nilroso-N[2]-fluorenyl-hyclroxyaminc, N-nitroso-N-bcnzyl- 
hydroxylammc, N-nitix>so-N-(4-mtiophcnyl)-hydroxylainine, N-nitroso-N-trityl- 
hydroxyhuvmis, and N^ilroso-N-isopropyl-hydroxylamine, their salts, such as 
ammonium salts, and the lil<e> 

The coordinating surfactant is preferably amine based, and most preferably is 
triociylamine, or hexadecyl amine, Other suitable amines include dioctylamine»and 
dibcnxylarninc* Still other suitable surfactants include primary, secondary or tertiary 
nlkyl-or aryl-amines: primsury secondary or tertiary alkyl-or aryl-phosphincs, such as 
tributylphosphine, triphenylphosphine; primary, secondary or tertiary alkyl-or aryl- 
phosphinc oaides such as octylphosphine oxide, and dihcxylphosphinc oxide and 
trioctyJphosphine oxide; dialkyK diary]- or aryl-alkyl-etbers such as dioctylethcr, and 
dibcnzylcthcr; carboxlylic acids such as oleic acid, and lauric acid; and nitriles such as 
pentadecanitrile, rus well as derivatives and mixtures thereof. Whatever surfactant that is 
used, it should have a polar head group attached to an apolar alkyl or aryl rest. 

The process is carried out in an inert atmosphere in the absence of water, air , or 
oxygen. The preferred inert atmosphere is argon gas, but nitrogen or any other inert gas 
can be used. 

The mixture of metal cupferron complex and coordinau'ng surfactant is heated to 
a temperature sufficient to cause the thermal decomposition of the precursor and 
formation of the nnnoerytitals. In general, the temperature to which the mixture is heated 
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can range from 150 to 400 degrees C, preferably from 220 to 350 degrees C, and most 
preferably from 250 to 300 degrees C. The exact temperature to which the mixture is 
heated will depend on the rcactants and the duration that heat is applied. 

The nanocrystiils produced by the process of this invention range from about 2 to 
aboul 20 nm in diameter, Crystals of varying sizes within this range can be achieved by 
varying the reaction conditions, such as time, temperature, choice of surfactant and 
precursor to surfactant ratio, as will be apparent to those skilled in the art. 

The nanocrystnls produced by the method of the invention arc dispersable in 
organic solvents such as toluene, chloroform, and hexane and other aromatic, halogcnated 
or aliphatic hydrocarbons. 

Broadly speaking, the process of the invention comprising mixing the metal 
cupferron precursor with the coordinating surfactant, and heating the mixture until 
decomposition of the precursor occurs, and formation of the desired nanocrystals is 
achieved,. The preferred mode by which this is accomplished is to inject the precursor 
into a liot liquid surfactant and maintain it at the desired temperature and for a sufficient 
period of time for the reaction to occur. Thus the term "mixing" as used herein, also 
includes injection of the precursor into a hot liquid surfactant. Any other means of 
mixing the two can be used, however, 
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ft will be understood by those skilled in the art that various modifications can be 
made in the process find compounds of the invention without departing from the spirit 
and scope thereof, 
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A PROCJi&S FOR MAKING SURFACTANT CAPPED METAL OXIDE 

NANOCRYSTALS 
AND PRODUCTS PRODUCED BY THE PROCESS 

C ROSS REFERENCE TO RELATED APPLICATIONS 
This application claims priority under 35 U.S.C 119, based on Provisional patent 
application Set\ No. 60/ 162,299, filed 10/28/99, and co-pending application Ser. No. 
OD/702,219, entitled, A Process For Malting Surfactant Capped Nanocrystals, filed Oct. 
30, 2000, now U.S. Patent No, 6,440,213, both of which are incorporated by reference 
herein in their entirely* 

S TATKM13NT REGARDI N G FEDERAL SPONSORSHIP 
The invention described herein arose in the course of, or under, contract No. DE- 
AC03-SP00098 between ihe United States Department of Energy and the Regents, 
University of California for the operation of the Ernest Orlando Lawrence Berkeley 
National Laboratory, 

BA CKGROUND O F THE INVENTION 
This invention relates to a process for making dispersable surfactant capped 
nanocrystals. More particularly, it relates to a process for making dispersable surfactant 
capped nanocrystals of metal oxides with non-bydroxylated particle surfaces using a non- 
hydrolytic single precursor approach, and to the nanocrystals made thereby. Still more 
particularly, il relates to a process for making dispersable surfactant capped nanocrystals 
of transition metal oxides. 
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The advent of new methods lo prepare semiconductor and metal nanocrystols, 
specifically The injection of molecular precursors into hot organic surfactants, has yielded 
markedly improved dimples with good size control, narrow size distributions, and good 
crystalliniry of individual and dispcrsablc nanocrystals (sec references 1-3). It is of 
considerable interest to apply these methods lo the synthesis of metal oxide nanocrystals, 
particularly transition metal oxide nanoparticles, which typically arc prepared by methods 
involving water as solvent or reactant (4-9). Using nonhydrolytic preparations of metal 
oxide nanocrystals tit high temperature in organic surfactants in the absence of air or 
waLfer, one observes markedly different properties with respect to defect structure and 
surface composition. So far as applicants are aware, there has been only one example of 
the solution-based nonhydrolytic synthesis of individual Ti02 nanocrystals (10). Metal 
oxide nanocrystals with nonhydroxylatcd surfaces are believed to have significant 
advantages for applications in catalysis, ceramics, energy storage, magnetic data storage, 
sensors, ferrofluids, etc. 

The following references contain useful background information pertaining to this 

invention, and are incorporated by reference herein in their entirety. 

L Munuy, C. B.; Nonis, D. J,; Bawcndi, M. G. J. Am, Chem. Soc. 1993, 115, S706- 
8715. 

2. Peng, X,; Wickham, J.; AHvisatos, A. P. J. Am. Chem. Soc. 1998, 120, 5343-5344. 

3. Sun, S,; Murray, C. J. Apph Phys, 1999, 85, 4325-4330. 

4. Charles, S, W<; Popplewell, J. Ferromagnetic Materials; Northholland Publishing Co.: 
Amsterdam, Now York, Oxford, 

1982; Vol.2, 

5. Banker, C J.; Schorer, G. W. Sol-Gel Science; Academic Press: San Diego, 1990. 
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23. CVmsoddine, A,; Wellcr, It Jler. Bunsen-Ges. Phys. Chem. 1993, 97, 636-637. 

24, fleet, M. E- Acta Crysiallogr, B 1981, 37, 917-920. 

25, Cornell, R, ML; Schwerlmann, U, The Iron Oxides-Structure, Properties, Reactions, 
Occurrence and Uses, Ut cd; 

VCII VcrlagsgescIIschaft: Wcinhcim, Germany, 1996. 

26. Reagent Chemicals: American Chemical Society Specifications; 8 th e&; American 
Chemical Society; Washington, DC, 1993, 

SUMMARY O F THE INVENTION 

Ii is an object of this invention to provide a non-hydrolytic process for the 
preparation of metal oxide nanocrystals. 

H is a funhcr object of this invention to provide a non-hydrolytic process for the 
preparation of transition metal oxide nanocrystals having non-hydroxylaied surfactant 
capped surfaces. 

It is a further object of this invention to provide surfactant capped metal oxide 
nanoerysLals with non-hydroxylated surfaces which are dispersable in organic solvents, 
and a ps-ocess of preparing them. 

It is a Mill further object of this invention to provide new and novel metal oxide 
nanocrystals, 

These, and other objects are achieved by (a) mixing a solution of a metal 
cupfciron precursor complex of the formula M x Cup* , wherein M x is a metal ion in the 
oxidation stale X selected from the group consisting of elements m Group 2, Group 3 - 
J 2 of the 4 th period, (5 roup 3 - 6 of the 5 ih and 6 th period, Group 10 - 12 of the 5 th period, 
Group L2 of the 6 th period, Group 13^10 IS 111 , and the Lanthanide and Actinide series of 
the periodic table, and Cup is a N-substitutcd N-Nitroso hydroxylaminc, with a 
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cooixHnaling surfactant , and (b) heating the mixture at a temperature and for a sufficient 
period of time to cause thermal decomposition of the M x Cupx precursor and formation 
or the desired nanocryslals. 

As used herein, the term "coordinating surfactant 11 means an organic molecule 
consisting of a polar headgroup and an npolar group providing stabilization against 
coagulation and precipitation of particles by binding to particle surfaces through the polar 
hend&roup and allowing dispersion of panicles in aliphatic, aromatic and halogcnatcd 
hydrocarbons. 

BRI EF DESCRIPTION OF 'WE DRAWINGS 
Figure -laQJa, shows the result of the thermal analysis of iron, manganese and copper 
euprcrronate in a TGA/DTA apparatus under N 2 -flow (left). To the right ? PIG lb shows 
the xrd patterns of Lhe respective decomposition products are displayed, 
l^giire-HlG^a!^ i^d-3_-present low-resolution TEM images q g well as X R&f>attems. of 
y-FeiOa. M^O*, and C112O nanociTstalsrfesp cctfuJl v -. respectfully , 
l!lQs,3a-3c .show XRD pattern s or y-FcsOg, MniOj and Cu ? Q nanocrvstals, respectfully, 
a : 4c presents low-resolution TEM images fl fr-w oH - a fr- doriv o d particle siz e 
tihsifibBSion&-.of y-FczO^ nanocrystals prepared under varying synthesis conditions. 
PlO s 4d-4f sh ows derived pa nicle size distributions of y-FcgO * . nanocrvstals prepared 
iincboarytng syn thes i s conditions for the TEM images in PIGs 4a-4c. 
JilOS^aSsJ'^g^^^-^hows particle size distributions derived from low-resolution TEM 
imaging as a function of refJuxing time after the precursor injection. 
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KJii^ftd^igwMJ describes U*e increasing average particle size as the reaction 
precipitate is subsequently extracted with Toluene. 

WCTZa-Piguve 7 shows a low-resolution TEM image of a monolayer of individual -y- 
Fc^Os nanocrysiaJs (1 0,0 * 1.5 nm) covering an area bigger than 2 fim 2 * 
FJG 7b ...shows-T-op-kfe a Hhigh-resoluiion TEM image of one of the nanocrystals in this 
sample. The indicated lattice plane distances correspond to the (113) and (201) lattice 
planes of tetragonal Y-FC2O3 with ordered superlattice of the cation vacancies. 
Jl^lcTop-riglH^owsa EFT of the high-resolution TEM of FIG 7b image looking down 
the [51-2] zone-axis. 

FIGs 8n -8c shows Xft D p at terns or the iron, manganese and copper c upforronatcs, 
^r^jvehu™ 

DiBsJ^g^^^ XRD patterns as well as F T-IR spectra of the 

iron, manganese and copper cupfcironatcs, respectively. 



DIK TAT) JBD DESCRIPTION OF THE INVENTION 

We have now discovered a new nonhydrolytic single-precursor approach to the 
synthesis of clispersable nanocrystals of metal oxides, particularly transition metal oxides. 

The process comprises: (a) mixing a solution of a metal cupferron precursor 
complex of the formula M x Cupx , wherein M x is a metal ion in the oxidation state X 
•selected from the group consisting of elements in Group 2, Group 3 - 12 of the 4 rtl 
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period, Group 3 - 6 of the 5 1b and 6 Ul period* Group 10 - 12 of the 5 lh period, Group 12 of 
the 6 |1j period. Group 13 th to 15* and the Lanthanidc and Actinide series of the periodic 
rablc, and Cup is a N-substitutcd N-Nitroso hydroxylamine, with a coordinating 
surfactant , and (b) heating the mixture at a temperature and for a sufficient period of 
lime lo cause thermal decomposition of the M x Cupx precursor and formation of the 
desired nanocrystals, 

While the process described below is focused primarily on the preparation of 
transition metal oxide nanocrystals, it is equally applicable to the formation of any metal 
oxide nanocryslal where the metal ( M x ) is a metal ion in the oxidation state X selected 
from the group consisting of elements in Group 2, Group 3 - 12 of the 4* 1 period, Group 
3-6 of the 5 th and 6 th period, Group 10 - 12 of the 5 th period, Group 12 of the 6 lh period, 
Group 13 lb and 15 th , and the Lanlhanide and Actinide scries of the periodic table. 

The value for X will vary, depending on which metal is used in the formation of 
the precursor, and the oxidation state of the metal. In general, however X will range from 
1 to 4. 

Me.ial Cupferron complexes M x Cupx (M: metal ion; Cup: N-nitroso N- 
phenylhydroxylamme, C6HSN(NO)0-), with the metal ion coordinated via the oxygen 
atoms; of the Cup ligand jn a bidentate manner, proved to be promising as molecular 
precursors. Metal cupferronales are used in the precipitation or extraction of metal ions 
from aqueous solution, and are easily prepared for many metal elements (11). In the 
following, we demonstrate that injecting solutions of metal Cupferron complexes in 
octylamins into Jong-chain amines at 250-300 °C yields nanocrystals of iron oxide, 
manganese oxide.and copper oxide. These nanocrystals range from 4 to 10 nm in 
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tlifimetcr, arc crystalline, and are dispersable in organic solvents. As CupfciTon 
complexes are available for almost all metal elements, the use of this precursor offers an 
interesting general approach to metal oxide nanocrystals. 

The preparation of the metal Cupferron precursor is based on the precipitation of 
meial ions from aqueous solution at a specific pH with Cupferron, the ammonium salt of 
N-tiiinoso N-phenylhydroxylamine (details of the synthesis and characterization of the 
mesial cupferronatcs M x Cupx (M: l 7 e, Cu, Mn) are provided infra), In all three cases the 
elemental analysis and the powder X-ray diffraction (XRD) patterns agreed well with 
eiogte-ei-ystal data (12-14). In addition, FT-IR spectroscopy excluded the presence of 
excess CupfeiTon, water, or solvent molecules, and agreed well with results given in the 
litorumrc (15). 

Dried powder* of metal cupferronatcs show sharp decomposition temperatures 
frse -fffiv-Mem P IG la of 180 °C f 230 °C, and 205 °C for FeCup 3 , MnCup 2 , and CuCup 2 , 
respectively, when heated in a DTA/TGA apparatus under nitrogen (AT - 10 °C / mi it, 
25 °C ~ 500 °C), lai fH^-l-rig MPlG lb - the XRDs of the respective decomposition 
products reveal that they consist of y-Fe 2 Oj, MnO, and Cu. The latter is a consequence of 
the reduction of CuO/CujO by the reducing atmosphere given by the organic 
decomposition products of the Cupferron complex. This result proves that metal 
Cupferron complexes can indeed act as molecular precursors for transition metal oxides 
in the absence of O^and IfcO. 

In the following a typical synthesis yielding iron oxide nanocrystals with 6-7 nm 
particle diamctexs is described. To remove oxygen and water, 7 g of triociylamine was 
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healed to 1 00 °C for 1-1.5 h and repeatedly evacuated to 20 mTorr and purged with Ar. A 
solution of 0,3 M PeOupj in octylamine was treated the same way at 60 °C. The reaction 
was initiated by the rapid injection of 4 mL of FeCup 3 stock solution into the 
tri octylamine at 300 °C under vigorous magnetic stirring and an Ar atmosphere. A color 
change of the liquid from colorless to dark-brown and the evolution of gas indicated the 
decomposition of the metal Cupferron complex. After the solution was heated for 30 min 
at 225 °C, the reaction was slopped and the solution was allowed to cool. At room 
temperature the flask contained nanocrystals of iron oxide, in both a dark-brown, clear 
liquid supernatant and a precipitate. The latter results from the high concentration of 
nanocrystals and their limited solubility in trioctyl amine at low temperature. Adding 1-2 
mL of organic solvents such as toluene, hcxanc, CHCh, etc. to this precipitate yielded 
clear* d^ep^hrown dispersions of iron oxide nanocrystals which were stable for weeks at 
room temperature. Low-resolution TEM imaging (scc fi°."2 lc ftF IG 2a) revealed particles 
with an average si/-e of 6,7 nm and a standard deviation of 1.4 nm. 
By addition of a 3-fold volume excess of methanol, the iron oxide nanocrystals could be 
re.precipitated as a brown powder. Adding methanol to the supernatant of the reaction led 
to a brown precipitate, which could also be redispersed and reprecipitated by suitable 
solvents. For both fractions, dispersion and reprecipitation could be repeated several 
times. 

Hy washing the precipitate excessively with methanol, the surfactant could be removed 
yielding typically about 50 - 60 mg of a brown insoluble powder after drying. This 
powder st i J I contained about 10 % of volatile compounds as indicated by thermal 
gravimetric analysis between 300 K and 1100 K in an 0 2 atmosphere, The overall yield 
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of iron oxide is thereby estimated to 45 mg to 55 mg, which corresponds to about 50 % of 
(he iron injected as cupfcrron complex. 

Similar procedures were used in the synthesis of manganese oxide and copper 
oxide nunocrystals. In the case of manganese oxide, 4 ml of a 0.3 M solution of MnCup 2 
in octylamine were injected into 7 g triocty! amine at 360 °C and refluxed for 10 min. at 
275 °C An orange precipitate was obtained after the reaction, which changed color to 
brown upon dispersion in toluene. Low resolution IIFM images ( ace fig. 2, middlo see 
HQ 2Ji) of this dispersion indicated the presence of 12.0 ± 4,7 nm Mn,^ particles. 

In the case of CuCup2, hexadecylamine was used as a surfactant to disperse the 
precipitated nnnocrystalline copper oxide in organic solvents like toluene, hexane, CHCI3 
etc. In addition, the reaction had to be stopped immediately after injection since the 
formation of metallic Cu instead of the copper oxide is favored at high temperatures 
under the strongly reducing conditions of the reaction. In detail, 2 ml of a 0.3 M solution 
of CuCupa in octylamine were injected into 5.5 g hexadecylamine at 250 °C The 
reaction was sropped by removing the heat as soon as the temperature reached again 230 
°C. The average particle size as determined from low-resolution TEM imaging is 6.9 ± 
2,5 nrn (see fi^riighfl ? IG 2c). 

Powder XRD reveals the nanocrystalline nature of the samples ( Fipur s 3 F IGs 3a- 
3s). The diffraction patterns were fitted with the program PowderCell (1 6) using structure 
data for Y-FC2O3, MnjO.ii and CU2O as models (17-19). Using the Debye-Scherrer 
equation (20) a crystallite sire was determined for every reflection, and all were averaged 
to give Lhc mean values reported in Figure 3 P IGft 3a-3c , These averaged crystallite sizes 
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arc in good agreement wiLh mean diameters determined from low-resolution TEM 
imaging (compare wjih results in fifb^FIGs 2a-2c). 

Panicles with average si2cs down to 4 nm were synthesized by lowering the 
injection temperature anchor lowering the injected precursor concentration. For instance, 
injecting the FeCup* precursor solution at 250 °C and refluxing at 200 °C for 30 min, 
instead of 300 °C and 225 °C as in the sample of F i gur e FIG 2a (see also FIG 4 a, 4dfi^ 
4 r teftJ, yields y-V^O^ nanocrystals 5.2 ± L5 nm in si^e (see fi^4HKMddi ePIG 4b. 4c ). 
However, the injection of an additional 2 mL of precursor solution after 5 min of 
refluxing at 200 n C results in particles with diameters of 6.1 ± 1,8 nm (see FJG 4c. 4f£^r 
4-right), The influence of the reflux lime is shown in fig: 5 FIGs Sa-5c for an injection of 
A ml 0.3 M FeCupyOctylamine solution into 7 g trioctylaminc at 250 °C and subsequent 
refluxing at 200 °C\ Apparantly, the particle growth is essentially finished after 10 min. 
and only a small increase in the width of the size distribution is observed with longer 
refluxing time. This behavior is similar to the growth kinetics of semiconductor 
iianoery8ials.(2) However further studies arc necessary to achieve a similar understanding 
of the growth kinetics of oxide nanocrystals. 

In all cases it was observed that subsequent extractions of the reaction precipitate with 
small amounts of toluene yielded fractions containing continuously bigger particles. In 
the case of the preparation with an additional secondary injection, each subsequent 
extraction of the reaction precipitate resulted in approximately a 1 nm increase in the 
average particle diameter (see fifc- 6FIfls 6a-6eV Consequently, the fifth fraction 
contained y-Vc^O^ nanocrystals which were 10.0 ± 1.5 nm in diameter. A low-resolution 
TB1VI image of this fraction is shown in Ffofre -FIG 7a. Apparently, the slow evaporation 
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of a dispersion of m-mocrystals in toluene on a TEM grid Jeads to the formation of an 
extended monolayer of particles. The covered area is larger than 2 fim 2 and extends 
beyond the part shown in KgaFfr^HQ. 2a. Each particle is separated from neighboring 
particles by its; shell of surfactant. Currently, the relatively broad size distribution of 15% 
prevents the formation of ordered superlattices as observed with other systems (3,21,22) 
However, we believe that by using size-selective precipitation (23), in addition to size- 
selective extraction during the isolation process, we will be able to achieve size 
distributions with less than 10% standard deviation* 

The crystallinity of these particles is revealed by high-resolution TEM imaging as 
shown in J4gnre^^>p4efr)FIG_7b» The observed lattice plane distances of 4,77 A and 
4.11 A, as well as the angle of about 50° between the crossed fringes, indicate the 
presence of tetragonal y^Fe^ with an ordered supcrlattice of cation vacancies (17). The 
corresponding lattice planes are (113) and (201), respectively, and the FFT (top rifth tP IG 
7c) of the high-resolution image indicates that the particle was imaged along its [51-2] 
zone axis. Neither cubic y-FejOs with a statistical distribution of cation vacancies over 
the octahedral sites nor Fe 3 04 shows a similar agreement (17,24). In other high-resolution 
TEM images, we observe particles with lattice plane distances of 4,97 and 4.27 A that 
also belong uniqudy to the tetragonal superstructure phase of y-FeoO^scc following table 
I for comparison) Interestingly, it has been reported that this ordered superstructure 
phase occurs only in particles with diameters larger than 100 nm(25) . 
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Table 1 



experimental 


Y-FBp0 3 (cubic) 


7^Fe 2 0 9 (tetragonal) 


Fe a 0 4 


4.97 ± 0.05 A 
4.77 a: 0.05 A 
4.27*0.05 A 
4.11 ±0.05 A 
2.8G * 0.05 A 

2.39 ± 0.05 A 


4.82 (111) 

2.95 (220) 
2.41 (222) 


5.01 (104) 

4.82(113) 
4.30 (105), (114) 

4.12(201) 
2.93 (221), (108) 

2.87 (222) 
2.43 (305), (314) 

2.41 (226) 
2.40(1010), (218) 


4.85(111) 

2.97 (220) 
2.42 (222) 



re p aration o f Metal Copforron Precursors 
Fx ample 1. S yn lhc&fc of F&Cupa 

The procedure described in literature (26), was used to prepare the FeCup3 complex. 
1-12 g RCb-fiHaO were dissolved in 280 ml of 1% HC1 in H 2 0. To this solution, 140 ml 
cone. 11C1 were added, and this mixture was diluted with 525 ml H2O and cooled in a 
fridge for about 15 niin. Then 3 g ammonium cupferron dissolved in 100 ml H2O were 
added dropwise from a burette yielding a red-brown precipitate. After 15 min of standing, 
the precipitate was filtered and dissolved in CHCI3. Water was removed in a separation 
funnel and the resulting deep-red solution was concentrated to about 5 - 10 ml in a 
rotavapor and additionally filtered with a glass filter, Hexane was then added until the 
solution became slightly turbid and the flask was placed into a fridge at -20 °C Within 
one day. large deep-red crystals grew which were isolated by decanting and dried in 
vacuum at 40 °C The yield of this product was typically 60 - 80 % with respect to iron. 
Thft experimental powder x-ray diffraction pattern (see fig. S. loft FIG 8a) agrees very 
well wiih calculated patterns based on single crystal structure data.(12) The results of the 
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elemental analysis (calc. values in brackets) arc for FeCup 3 : 12.5% (12.0 %) Fe, 46.1 % 
(46.3 %)C, 17.5 % (18.0%) N, and 3.4 % (3.2 %) H. The FT-IR spectrum in fig. Q( l eft) 
E'.CU>gci£/^s well wiih results in literature (15) and shows the Fc-O stretch band at 427 
cm' 1 . 

Bxarmri e 2. Synt hesis of MnCupj 

Adding 6 g ammonium cupferron dissolved in 200 ml H2O to a solution of 1.80 g 
MHClr4H?0 in 700 ml II 2 0 yielded an orange precipitate, which was isolated after 15 
win. by filtration. This precipitate was dried at 20 mtorr at room temperature for several 
hours and the yield was typically about 50 % with respect to manganese. The 
experimental powder x-ray diffraction pattern (see fig. S. middl oP lG 8b1 agrees very well 
with calculated patterns based on single crystal structure data.(14) The results of the 
elemental analysis (culc. values in brackets) are for MnCup2: 17.2 % (16.2%) Mn, 41.6% 
(43.8 %) C, 16.4 % (17 %) N, 3.27 % (3.1%) H. The FT-IR spectra of this compound is 
displayed in fia:-9-(-middle)FIG 9b and shows the lvm-O stretch band at 405 cm" 1 which is 
in Hgreemem with literature results.Q 5) 

J&tnrnpl c 3. Synthesi s of CuCyip? 

CuCup 2 was prepared by adding dropwisc 6 g ammonium cupferron dissolved in 200 
nil fl 2 0 to a solution of 1.54 g CuCl2'411 2 0 in 1.4 1 H 2 0. The resulting blue-gray 
precipitate was filtered after 15 min and dissolved in pyridine yielding a deep green 
solution. The solution was concentrated in a rotavapor and filtered with a glass filter. To 
this solution u mixture of n-buianol and hexane was added until the solution was slightly 
turbid. After one day in a fridge at -20 °C the solution contained large dccp-grccn 
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crystals which were isolated from the supernatant by decanting and dried at 40 "C under 
vacuum. The yield of the resulting blue-gray powder was typically 50 - 70 % with 
respect to copper. The experimental powder x-ray diffraction pattern (o a e fig. 8. ri ght-PIG 
8c) agrees very well wiLh calculated patterns based on single crystal structure data.(13) 
The results of the elemental analysis (calc. values in brackets) are for CuCup 2 : 19% (18.8 
%) Cu, 43. 1 % (42.7 %) C, 15.8 % (16.6 %) N, and 3.3 % (3.0 %) H. Fig. 9 (right) shows 
the Ff-IR spectrum of the complex which agrees well with literature results (15) and 
shows the Cu-0 stretch vibrations at 437 cm" 1 . 
l^rjT[?le_4.,_Svnt hcsis of CoCup g 

2.14 g CoCl2-6H ? ,0 are dissolved in 1.4 1 H 2 0 and 6 g Cupferron dissolved in 200 ml 
H 2 0 arc added dropwise. The resulting solution showed a deep-red color but no 
piecjpiiaic. Consequently, additional 2.28 g CoCl 2 -6H 2 0 and 6 g Cupferron were added 
resulting in a pinkish precipitate while standing overnight. The precipitate was filtrated 
and recrystallizcd from pyridine. 
Example 5. Synthe sis of CdCup^ 

1.6G g CdCl 2 are dissolved in 1.4 1 H 2 0 and 6 g Cupferron dissolved in 200 ml H 2 0 
arc added dropwise. Tho resulting precipitate is filtrated. X-ray diffraction shows a 
crystalline product which is used without further purification. 

Prepar ation of Surfactant- Capped y-Fc-,0 ? Nanoerystals 

i?*5 arnpk: iu_ -Preparati on of about 6-7 nm V-Fc n O^ Nanocrystals capped by trioctY larnine 
To remove oxygen and water, 7 g of txioctylaimne was heated to 100 °C for 1 - ] .5 h 
and repeatedly evacuated to 20 mtorr and purged with Ar. A solution of 0.3 M FcCup 3 in 
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ocaylamine was treated the same way at 60 °C. The reaction was initiated by the rapid 
injection of 4 ml of Fc:Cup 3 stock solution into the trioctylamine at 300 °C under vigorous 
magnetic stirring and an Ar atmosphere. A color change of the liquid from colorless to 
dark-brown and the evolulion of gas indicated the decomposition of the metal cupferron 
complex. After heuting for 30 min. at 225 °C, die reaction was stopped and the liquid was 
allowed to eool down. At room temperature the flask contained nanocrystals of iron 
oxide, both in a dark-brown, clear liquid supernatant and a precipitate. The latter results 
from the high concentration of nanocrystals and their limited solubility in trioctylamine at 
low temperature. Adding 1 - 2 ml of organic solvents like toluene, hexane, CHC1 3 , etc. to 
this precipitate yielded clear, deep-brown dispersions of iron oxide nanocrystals which 
wore stable for weeks at room temperature. Low-resolution TEM imaging revealed the 
presence of iron oxide nanocrystals with an average size of 6.7 ± 1.4 nra (soo figt-27 
foft£2£L2ji)* By addition of a threefold volume excess of methanol, the iron oxide 
nnnocrystals could be reprccipitated as a brown powder, Adding methanol to the 
fiupernaiftnt of the reaction lead to a brown precipitate of iron oxide nanocrystals, which 
could also be rcdispersed and reprecipitated by suitable solvents. For both fractions, 
dispersion and reprccipitalion could be repeated several limes. 

E&B&lptoLjf PlRParation of about 6 - 7 nm v-Fe->0. Nanocrystals capped bv 

hcxadcc yl amine 

To remove oxygen and water, 7 g of hcxadecylamine was heated to 100 "C for 1 - 1.5 
h and repeatedly evacuated to 20 mtorr and purged with Ar. A solution of 0.3 M FeCup 3 
in oclybminc was treated the same way at 60 "C. The reaction was initiated by the rapid 
injection of 2 ml of FcCup 3 stock solution into the hexadecylamine at 300 °C under 
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vigorous majjnetjc stirring and an Ar atmosphere. A color change of tbe liquid from 
colorless to dark-brown and the evolution of gas indicated the decomposition of the metal 
cupfcrron complex. After heating for 60 min. at 265 °C, the reaction was stopped and the 
liquid was allowed it) cool down. At about 100 °C the reaction mixture was transferred 
into an excess of methanol (3 : 1) yielding a brown precipitate and a clear yellow-brown 
supernatant. After isolating the precipitate by centrifugation and discarding the 
supernatant, the precipitate can be dissolved in organic solvents like toluene, chloroform, 
hcxanc etc, Adding methanol to this solution yields again a brown precipitate. 
Redispersion and rcpreeipitation by suitable solvents could be repeated several times. 
JS&fUBlfl^ nm V-Bcg O ; nanocrvstals capped bv hexadecy lamine 

To remove oxygen and water, 7 g of hexadccylamine was heated to 100 °C for 1 - 1 .5 
h and repeatedly evacuated to 20 mtoir and purged with Ar. A solution of 03 M FeCup 3 
in octyl amine was treated the same way at 60 °C. 2 ml of 0.3 M FeCup^/Octyl amine were 
added to the hexadccylamine at J 00 °C and the solution was heated to 280 °C under 
vigorous magnetic stimng and an Ar atmosphere. Upon reaching 140 - 160 °C, gas 
evolution indicated the onset of the precursor decomposition. After about 12 min, of 
heating, the liquid reached a temperature of 280 °C and was refluxed at this temperature 
for another 48 min. After the healing was stopped, the reaction mixture was transferred at 
300 D C into an excess of methanol (2:1). The resulting precipitate was isolated by 
centrifugation and could be redispersed in toluene, hexane, chloroform etc. By adding 
methanol to this solution, die nanocrystals could be reprecipitated. Redispersion and 
representation could be repeated several times. 
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Hxjurmlc_ 9 Prcmniiin n of about 9 nm Y -Fc->O j_nanocrvstals capped by hexadccvlaminc 

To remove oxygen and water, 7 g of hexadecylamine was heated lo 100 °C for 1-1.5 
h and repeatedly evacuated to 20 mtorr and purged with Ar. A solution of 0.3 M FeCup 3 
in octylamine was treated the same way at 60 °C "The reaction was initiated by the rapid 
injection of 2 ml of PeCups stock solution into the hexadecylamine at 300 °C under 
vigorous magnetic stirring and an Ar atmosphere. A color change of the liquid from 
colorless to (fork-brown and the evolution of gas indicated the decomposition of the metal 
eupferron complex. After 6 min. an additional 2 ml of stock solution were added 
dropwhie within the time range of 3 min. Additional slow injections of 2 ml stock 
solution took place 2 more times at 14 rain, and 50 min. after the initial injection, 
respectively. After the lost injection was finished, the liquid was heated for another 20 
min. before healing was stopped and the liquid was allowed to cool down. At about 100 
°C the reaction mixture v/as transferred into an excess of methanol (3:1) yielding a 
brown precipitate and a clear yellow-brown supernatant After isolating the precipitate by 
centiifugation and discarding the supernatant, the precipitate can be redispresed in 
organic solvents like toluene, chloroform, hexane etc, Adding methanol to this dispersion 
yields again a brown precipitate, Rcdispersion and reprccipitation by suitable solvents 
could be repented several times. 

iaLaJDBl^^ nm Mn^O* Nanoervstals capped by hexadecylamine 

To remove oxygen and water, 7 g of trioctylamine was heated to 100 °C for 1 - 1.5 h 
and repeatedly evacuated to 20 mtorT and purged with Ar, A solution of 0.3 M MnCup 2 in 
octylamine was trebled the same way at 60 °C. The reaction was initiated by the rapid 
injection of 4 nil of MtaCupa stock solution into the trioctylamine at 360 °C under 
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vigorous magnetic stirring and an Ar atmosphere. A color change of the liquid from 
colorless to dnrk-brown and the evolution of gas indicated the decomposition of the metal 
cupfenron complex. The liquid was refJuxed for 10 min. at 275 °C before healing was 
slopped. At room temperature the flask contained nanocrystals of manganese oxide, both 
in an orange-brown, clear liquid supernatant and a brown precipitate, Adding 1 - 2 ml of 
organic solvents like toluene, hexane, CHCk, etc. to this precipitate yielded clear, deep- 
brown dispersions of manganese oxide nanocrystals. By addition of a threefold volume 
excess of methanol* the manganese oxide nanocrystals could be rcprccipitated as a brown 
powder. Adding methanol lo the supernatant of the reaction lead to a brown precipitate, 
which could also bo redispersed and rcprccipitated by suitable solvents. For both 
fractions, dispersion and reprecipitation could be repeated several limes. Low-resolution 
TKM images of this sample are show in in fig. 2 (mi ^dl^ FIG_2b . The average particle 
size and size-distribution as determined from this image is 12,0 ±4,7 nm. 
Ex ampje lJ_PreiW4tipn o f about 7 nm Cu? Q Nanocrystals capped by hexadecvlamine 

To remove oxygen and water, 5.5 g of hexadecyl amine was heated to 100 °C for 1 - 
L5 h and repeatedly evacuated to 20 mtorr and purged with Ar, A solution of 0.3 M 
CuCupi in oetylamina was treated the same way at 60 °C, 2 ml of a 0.3 M solution of 
CuCup> in octylamine were injected into 5,5 g hexadecylaminc at 250 °C causing the 
temperature to drop to about 215 °C The reaction was stopped by removing the heat as 
soon as the temperature reached again 230 °C, At about 100 °C, the liquid was 
transferred into an excess of methanol (3:1) yielding a brown precipitate which was 
isolated by ccmrifngation. This precipitate could be redispersed in organic solvents like 
toluene* hsxanc, chloroform and again reprecipitated by addition of methanol. The 
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average particle size and size-redistribution as determined from low-resolution TEM 
imaging is 6.9 ± 2.5 nra. 

Ikiimplcl ?.. Prep arai i on of abou t 20 cm CdO Nanocrvstals capped with hexadecvlaroine 
To remove oxygen and water, 7 g of bexadecylamine was heated to 100 °C for 1-1.5 
h and repeatedly evacuated to 20 rotorr and purged with Ar. A solution of 0.3 M CdCup 2 
in ociylainine was treated the same way at 60 °C. 3 ml of a 0.3 M solution of CdCup 2 in 
octylamino were injected into 7 g hexadecylanrine at 300 °C. The liquid was refluxed for 
30 min. at 245 °C befoje heating was stopped. At 100 °C the b'quid was transferred into 
an excess of methanol (3:1). The resulting brown precipitate was isolated by 
a'-nlrifugation and dissolved in toluene, chloroform or hexane. By addition of methanol, a 
brown precipitate could be recovered. 

Example 13 Prepa ration of 0 nm CoO Nanocr vstals capped with trioctv larnine 

To remove oxygen and water, 7 g of Irioctyl amine was heated to 100 °C for 1 - 1.5 h 
nnd repeatedly evacuated to 20 mtorr and purged with At. A solution of 0.3 M CoCup 2 in 
octylaminc was treated the same way at 60 °C. A ml of this solution were injected at 
300 °C into the trioctylainine and refluxed for 20 min. at 230 °C. The liquid was allowed 
to cool to 100 °C and transferred into an excess of methanol (3:1). The resulting grey 
precipitate could be redispcrscd in toluene, chloroform or hexane. By addition of 
methanol, the nanocrystals could be recovered as a powder. 

The pixjfevred metals for use in preparing the M x Cupx precursor for use in fhe 
process of this invention are transition metals, more preferably either Fe, Mn, or Cu. 
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Additionally, while the Cup compound most commonly used in the formation of 
Ihe precursor is N-nitroso-N-phcnyl-hydroxylamine, other N-substituted N-Nitroso 
hydroxylamine compounds can be used. Any compound having the head group (O-N- 
N-O) can be used. Broadly speaking, any N-substituted N~nitroso-hydroxylamine of the 
formula IIN202 where R is a phenyl, benzyl, naphtyl, biphenyl, methyl, propyl, etc 
would be suitable for use, Specific compounds include, for example* N-nitroso-N- 
phenyl-hydroxylamine, N-niiroso-Nf l]-naphthyl-hydroKylaminc, N-nitroso-N-biphenyl- 
4-yl-hydroxylaminc, N-nitroso-N[2]-fluorenyl-hydroxyarnjne, N-nilroso-N-ben^yl- 
hydroxylamine, N-niUx>so-N-(4-nitrophcnyl)-hydroxy]aminc, N-nitroso-N-trityl- 
hydmxyl amine, and N-nilroso-N-isopropyl-hydroxyl amine, their sails, such as 
ammonium salts, and the like. 

The coordinating surfactant is preferably amine based, and most preferably is 
trioctylarnino, or hexadecy] amine. Other suitable amines include dioctylamine.and 
dibenzyl amine. Still other suitable surfactants include primary, secondary or tertiary 
aUcyl-or aryl- amines; primary secondary or tertiary alkyl-or aryl-phosphines, such as 
tributylphosphinc, aiphenylphosphinc; primary, secondary or tertiary alkyl-or aryl- 
phosphine oxides such as octylphosphine oxide, and dihexylphosphine oxide and 
Uiociylphosphine oxide; dialkyl-, diaryl- or aryl-allcyl-cthers such as dioctylcther, and 
dihonzylcther; carboxlylic acids such as oleic acid, and lauric acid; and nilriles such as 
penUufccHmltib, as well as derivatives and mixtures thereof. Whatever surfactant that is 
used, it should have a pohir head group attached to an apolar alkyl or aryl rest. 
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'I 'he process is curried out in an inert atmosphere in the absence of water, air , or 
oxygen. The preferred inert atmosphere is argon gas, bui nitrogen or any other inert gas 
can be used. 

The mixture of metal cupferron complex and coordinating surfactant is heated to 
a temperature sufficient to cause the thermal decomposition of the precursor and 
formation of Ihc nanocrystals. In general, the temperature to which the mixture is heated 
am range from 150 to 400 degrees C, preferably from 220 to 350 degrees C, and most 
preferably from 250 to 300 degrees C. The exact temperature to which the mixture is 
heated will depend on the rcactants and the duration that heat is applied. 

The nanocrystals produced by the process of this invention range from about 2 to 
about 20 nm in diameter. Crystals of varying si2es within this range can be achieved by 
varying the reaction conditions, such as time, temperature, choice of surfactant and 
precursor Lo surfactant ratio, as will be apparent to those skilled in the art. 

The nanocrystals produced by the method of the invention are dispersable in 
organic solvents such as toluene, chloroform, and hexane and other aromatic, halogenated 
or aliphatic hydrocarbons. 

Broadly speaking, the process of the invention comprising mixing the metal 
cupferron precursor with the coordinating surfactant, and heating the mixture until 
decomposition of Iho precursor occurs, and formation of the desired nanocrystals is 
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achieved.. The preferred mode by which this is accomplished is to inject the precursor 
into a hoi liquid surfactant and maintain it at the desired temperature find for a sufficient 
period of time for the reaction to occur. Thus the term "mixing" as used herein, also 
includes injection of the precursor into a hot liquid surfactant. Any other means of 
mixing Iho two can be used, however. 

It will be understood by those skilled in the art that various modifications can be 
made in the process and compounds of the invention without departing from the spirit 
unci scope thereof. 
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